We present results from one-dimensional atmospheric simulations investigating the effect of varying the carbon-to-oxygen (C/O) ratio on the thermal structure, chemical composition and transmission and emission spectra, for irradiated hydrogendominated atmospheres. We find that each of these properties of the atmosphere are strongly dependent on the individual abundances (relative to hydrogen) of carbon and oxygen. We confirm previous findings that different chemical equilibrium compositions result from different sets of element abundances but with the same C/O ratio. We investigate the effect of this difference in composition on the thermal structure and simulated spectra. We also simulate observations using the PandExo tool and show that these differences are observationally significant with current (i.e. Hubble Space Telescope) and future (i.e. James Webb Space Telescope) instruments. We conclude that it is important to consider the full set of individual element abundances, with respect to hydrogen, rather than the ratios of only two elements, such as the C/O ratio, particularly when comparing model predictions with observed transmission and emission spectra.
INTRODUCTION
The carbon-to-oxygen (C/O) ratio and its effect on the atmospheric properties and observable spectra of transiting exoplanets has been well studied (e.g. Seager et al. 2005; Lodders 2010; Madhusudhan et al. 2011a; Moses et al. 2013a) . It has been suggested that the C/O ratio could be a fundamental parameter for classifying exoplanet atmospheres due to its potential to link the current atmospheric chemical composition with the formation and evolution of the planet (e.g. Gaidos 2000; Kuchner & Seager 2005; Madhusudhan 2012) . It is known that the C/O ratio varies across the stellar population (e.g. Delgado Mena et al. 2010; Petigura & Marcy 2011; Nissen 2013; Teske et al. 2014; Brewer & Fischer 2016) and that the C/O ratio of planets can depart from that of their host stars due to complex processes during the formation and evolution of a planet within a dynamically, thermally and chemically active proto-planetary disk (e.g. E-mail: b.drummond@exeter.ac.ukÖ berg et al. 2011; Piso et al. 2015; Mordasini et al. 2016; Oberg & Bergin 2016; Brewer et al. 2017; Espinoza et al. 2017; Eistrup et al. 2018 ).
An obvious transition occurs at a C/O ratio of unity: for C/O > 1 carbon is more abundant than oxygen but for C/O < 1 carbon is less abundant than oxygen. This important transition has been the focus of many theoretical studies of exoplanet atmospheres (e.g. Fortney et al. 2005; Madhusudhan et al. 2011b; Kopparapu et al. 2012; Moses et al. 2013a,b; Venot et al. 2015; Mollière et al. 2015; Heng & Lyons 2016; Tsai et al. 2017; Gandhi & Madhusudhan 2017; Goyal et al. 2018 ). The C/O ratio has also been considered using inverse, retrieval models that retrieve the atmospheric properties which best fit a given set of observations, resulting in a wide-range of reported C/O values for transiting exoplanets (e.g. Madhusudhan & Seager 2009; Konopacky et al. 2013; Line et al. 2013 Line et al. , 2014 Lee et al. 2013; Stevenson et al. 2014; Waldmann et al. 2015; Kreidberg et al. 2015; Lavie et al. 2017; Wakeford et al. 2018; Márquez-Neila et al. 2018 ; Gandhi & Madhusudhan 2018) .
A common starting point for chemical models of hydrogen-dominated exoplanet atmospheres is the assumption of a set of element abundances corresponding to the solar composition. The effect of assuming a different set of element abundances on the structure and properties of these atmospheres has been well investigated, typically in one of two approaches. Firstly, a number of studies (e.g. Fortney et al. 2005 ; Lewis et al. 2010; Agúndez et al. 2014 ) have investigated the effect of scaling the abundances of the heavy elements (heavier than hydrogen and helium) uniformly, such that the abundance ratios of the heavy elements with each other are fixed. Secondly, other studies have focussed on the effect of varying the abundance ratios of the heavy elements themselves, primarly the C/O ratio (e.g. Madhusudhan et al. 2011b; Moses et al. 2013b; Venot et al. 2015) but also the N/O ratio (Miguel 2019) .
Starting with some initial set of element abundances the C/O ratio could be increased either by increasing the carbon abundance (C/H, relative to hydrogen) or decreasing the oxygen abundance (O/H, relative to hydrogen). Likewise, the C/O ratio could be decreased either by decreasing C/H or increasing O/H. Clearly, the C/O ratio alone is not enough to specify the full set of element abundances and hence the chemical equilibrium composition, for a given pressure and temperature. For example, Moses et al. (2013b, Fig. 11) show that for a given C/O ratio the mole fractions of many key chemical species are strongly dependent on the values of C/H and O/H.
A number of previous studies investigating the effect of the C/O ratio on the atmospheric structure clearly state that they assume a fixed value for O/H and vary C/H (Helling & Lucas 2009; Madhusudhan et al. 2011b; Moses et al. 2013a; Tsai et al. 2017) , while others choose to fix the value of C/H and vary O/H (Moses et al. 2013b; Mollière et al. 2015; Goyal et al. 2018) . Kitzmann et al. (2018) investigate the dependence of the carbon monoxide (CO) mole fraction on the C/O ratio both by varying C/H and O/H, with the other held fixed. Heng & Lyons (2016) and Heng & Tsai (2016) consider the equilibrium composition for two different sets of element abundances with the same C/O ratio but different C/H and O/H. We note that some studies do not explicitly state how they change their set of element abundances to achieve different C/O ratios.
In this paper we investigate the effect of different sets of element abundances on the structure and predicted spectra of hot Jupiter and warm Neptune atmospheres. We focus on the differences that can result from assuming sets of element abundances that have the same C/O ratio, but with different C/H and O/H. We find a significant difference in the chemical and thermal structure, as well as the predicted spectra between models with the same C/O ratio but different combinations of O/H and C/H. In Section 2 we describe our numerical model and methodology. In Section 3 we quantify the impact of different methods of varying the C/O ratio on the temperature structure, chemical composition and spectra, using a 1D atmosphere model. In Section 4 we discuss some implications of our results and briefly review previous studies relating to the bulk chemical composition of exoplanets, focusing on the C/O ratio. Finally, we present our conclusions in Section 5. We use the 1D atmosphere model ATMO (Tremblin et al. 2015 Drummond et al. 2016; Goyal et al. 2018 ) to calculate pressure-temperature (P-T) profiles, the chemical equilibrium composition and emission and transmission spectra for hydrogen-dominated, irradiated exoplanet atmospheres. A description of the model can be found in Drummond et al. (2016) and Goyal et al. (2018) , though we summarise the key points here. The model solves for hydrostatic balance and radiativeconvective equilibrium, with an internal heat flux and irradiation at the top of the atmosphere as boundary conditions. The radiative transfer equation is solved in 1D plane-parallel geometry and includes isotropic scattering. We include CH 4 , H 2 O, CO, CO 2 , NH 3 , HCN, C 2 H 2 , Na, Li, Rb and Cs, as well as H 2 -H 2 and H 2 -He collision-induced absorption, as opacity sources. We refer the reader to Goyal et al. (2018) for the most up-to-date sources for the line lists. The model uses the correlated-k approximation with the method of random overlap to calculate the combined opacity of the mixture (Lacis & Oinas 1991; Amundsen et al. 2017) . To compute the radiative flux in the radiative-convective equilibrium iterations we use 32 bands while for the synthetic spectra we use 5000 bands, to achieve a higher spectral resolution. The chemical equilibrium composition is solved for using a Gibbs energy minimisation scheme based on the method of Gordon & McBride (1994) .
In Section 3.3 and Section 3.4 we investigate two types of hydrogen-dominated atmosphere: a "hot" case where CO is the most stable form of carbon and a "warm" case where methane (CH 4 ) is the most stable form of carbon. The model parameters for both of these cases are shown in Table 1 . The parameters for the hot and warm cases are loosely based on HD 209458b and GJ 436b, respectively, though our aim is not to accurately model these specific planets. For the irradiation spectra, we use the Kurucz spectrum of HD 209458 1 for the hot atmosphere and a Phoenix BT-Settl model spectrum (Allard et al. 2012) , with parameters T eff = 3700 K, log g = 5, [M/H] = -0.3, for the warm atmosphere.
Element abundances
An important input to the model are the set of element abundances which, along with the pressure and temperature, Table 2 . Element abundance ratios for the solar photosphere (Asplund et al. 2009 ) and for different sets of element abundances with C/O = 0.1 and C/O = 2 that vary C/H or O/H, with other element held fixed to the solar value, as used in Sections 3.3 and 3.4 Grevesse & Sauval 1998; Lodders et al. 2009; Asplund et al. 2009; Caffau et al. 2011 ).
Choosing to use a different set of solar element abundances will likely result in quantitative differences in our results but will not likely effect the qualitative trends that we find. In Sections 3.1 and 3.2 we investigate the effect of varying the C/O ratio on the chemical composition, for different metallicities. For calculations where we define O/H by the C/O ratio we uniformly scale the abundances of all elements except hydrogen, helium and oxygen from their solar values by the metallicity factor. On the other hand, for calculations where we define C/H by the C/O ratio we instead uniformly scale the abundances of all elements except hydrogen, helium and carbon from their solar values by the metallicity factor. Importantly we note that the total mass fraction of metals (Z) is not the same as the metallicity value that we quote since Z will also depend on the C/O ratio, a point previously mentioned by Moses et al. (2013b) .
In Sections 3.3 and 3.4 we present results showing the atmospheric thermal and chemical structure, as well as the spectra, for cases of C/O = 0.1 and C/O = 2. For each C/O ratio case, we investigate the differences between cases where O/H is held fixed at its solar value while C/H is varied and the alternative that C/H is held fixed to its solar value while O/H is varied. For clarity, the values of C/H, O/H and N/H that used for these calculations are shown in Table 2 for each case.
RESULTS

Equilibrium composition as a function of the C/O ratio
Here we consider the dependence of the chemical equilibrium composition on the C/O ratio for several combinations of pressure, temperature and metallicity. Fig. 1 shows the mole fractions of several key chemical species as a function of the C/O ratio for the cases where we assume a fixed O/H (the solar value shown in Table 2 ) and vary C/H and also where we assume a fixed C/H and vary O/H. The top left panel of Fig. 1 shows the chemical equilibrium mole fractions as a function of the C/O ratio for P = 1 bar, T = 2000 K and a solar metallicity, which match the parameters of Fig. 1 in Madhusudhan (2012) . Our result from the calculation that varies C/H with a fixed O/H matches well with the result of Madhusudhan (2012) , with a clear transition at C/O = 1 where the mixture changes from being oxygen-rich (i.e. O/H>C/H) to carbon-rich (O/H<C/H). For this pressure and temperature CO is the preferred form of carbon, as opposed to CH 4 (e.g. Fegley & Lodders 1996) . Where C/O < 1, oxygen atoms in the mixture that are not locked up in CO result in a large abundance of water (H 2 O). However, for C/O > 1 most of the oxygen atoms are locked into forming CO and the abundance of H 2 O is much lower. The remaining carbon atoms that are not locked up in CO are primarily in the form of CH 4 , acetylene (C 2 H 2 ) and hydrogen cynanide (HCN), which all have much larger abundances compared with C/O < 1.
We find both quantitative and qualitative differences in the chemical equilibrium mole fractions between the cases where we either vary O/H or vary C/H to alter the C/O ratio. For C/O < 1 the CO mole fraction is limited by the amount of carbon, since carbon is less abundant than oxygen. Therefore, for the calculation where C/H is fixed, and the C/O ratio is altered by varying O/H, the mole fraction of CO is independent of the C/O ratio. On the other hand, for the calculation where O/H is fixed and C/H is varied the mole fraction of CO increases with increasing C/O ratio. For the same reason, carbon dioxide (CO 2 ) becomes more abundant with decreasing C/O ratio when O/H is increased, since more oxygen is available, but when C/H is decreased CO 2 becomes less abundant with decreasing C/O ratio, since less carbon is available. Additionally, as O/H is increased to achieve a smaller C/O ratio the extra oxygen atoms lead to a larger H 2 O abundance compared with the calculation where O/H is assumed to be fixed.
For C/O > 1 the mole fraction of CO is instead limited by the amount of oxygen, which is now less abundant than carbon. Therefore, as the C/O ratio is increased by decreasing O/H (with a fixed C/H) the mole fraction of CO decreases. However, for the calculation where the C/O ratio is increased by increasing C/H (with a fixed O/H) the mole fraction of CO is independent of the C/O ratio. The mole fractions of the carbon-bearing species CH 4 , C 2 H 2 and HCN are all larger in the calculation where C/H is varied compared with the calculation where C/H is held fixed, since the number of available carbon atoms increases with increasing C/O ratio.
The top right panel of Fig. 1 shows the case of P = 0.1 bar, T = 800 K and solar metallicity, where CH 4 is now the most favourable form of carbon, instead of CO, as is the case for Jupiter in our own solar system (e.g. Lewis 1969 ). The trends in the mole fractions with C/O ratio are much simpler in this case. For the calculation where C/H is held fixed and the C/O ratio is altered by varying O/H, the CH 4 mole fraction is independent of C/O ratio. On the other hand, the mole fractions of the oxygen-bearing species H 2 O, CO and CO 2 decrease with increasing C/O ratio as the number of available oxygen atoms decreases. On the other hand, for the calculation where O/H is held fixed and the C/O ratio is altered by varying C/H, the H 2 O mole fraction is independent of C/O ratio while the abundances of CH 4 , CO and CO 2 increase with increasing C/O ratio as the number of carbon atoms increases.
The bottom left panel of Fig. 1 shows the case of P = 0.1 bar, T = 800 K and 300× solar metallicity. These parameters match those of Moses et al. (2013b, Fig. 4, bottom row) , who assume a fixed C/H and vary O/H. We reiterate from Section 2.2 that, for the calculation where we assume a fixed C/H when varying the C/O ratio, we have increased the abundances of all elements except H, He and O by a factor of 300, in this case. The value for O/H is then calculated using both C/H and the C/O ratio. Likewise, for the calculation where we assume a fixed O/H when varying the C/O ratio, we have increased the abundances of all elements except H, He and C by a factor of 300, with C/H then calculated using O/H and the C/O ratio.
In this case of a higher (300× solar) metallicity there is a more pronounced difference in the mole fractions of many chemical species, at a given C/O ratio, depending on whether we vary O/H or C/H. When varying O/H, for very small values of the C/O ratio oxygen becomes almost as abundant as hydrogen; at C/O = 0.1 we have O/H ∼ 0.8. Here the oxygen-bearing species H 2 O, CO and molecular oxygen (O 2 ) become the most abundant chemical species in the mixture with a very low abundance of molecular hydro-gen (H 2 ), in good agreement with the results of Moses et al. (2013b) . On the other hand, if we instead alter the C/O ratio by varying C/H then H 2 is instead the most abundant species at C/O = 0.1. Though the C/O ratio is the same the oxygen abundance is significantly smaller at O/H ∼ 0.1, compared with the previous case. For high values of the C/O ratio carbon similarly becomes almost as abundant as hydrogen; in fact, at C/O = 10 we have C/H ∼ 1.5 with C 2 H and CO as the most abundant chemical species. In contrast, when varying O/H with a fixed C/H, H 2 and CH 4 are the most abundant species at C/O = 10.
These results support the previous findings of Moses et al. (2013b) ; Heng & Lyons (2016) ; Heng & Tsai (2016) and show that the chemical equilibrium composition can be significantly different for the same C/O ratio but with different carbon and oxygen abundances relative to hydrogen.
Mean molecular mass as a function of C/O
The mean molecular mass (µ) of the gas is determined by the chemical composition. Fig. 2 shows µ as a function of metallicity and the C/O ratio for P = 10 mbar and T = 1500 K. In one case we assume that the C/H is defined by the metallicity and its solar element abundance and O/H is then calculated from C/H and the C/O ratio. In the other case we assume that O/H is instead defined by the metallicity and its solar element abundance while C/H is calculated from O/H and the C/O ratio. The difference in µ between these two cases can be as large as a factor of two, with the difference being largest for small (≤ 0.3) and large (≥ 2) values of the C/O ratio. However, the difference can still be significant for C/O ratios closer to the solar value. For example, at a metallicity of 1000× solar and C/O = 0.4, the calculation assuming C/H is tied to the metallicity results in µ ∼ 20.3 g mol −1 whereas the calculation assuming that O/H is tied to the metallicity results in µ ∼ 18.1 g mol −1 .
For the calculation where O/H is defined by the C/O ratio, µ increases with decreasing C/O ratio. As O/H increases toward smaller values of the C/O ratio, eventually oxygen becomes the most abundant element in the mixture and the dominant chemical species is O 2 followed by H 2 O, as shown in the bottom right panel of Fig. 1 . On the other hand, for the calculation where C/H is defined by the C/O ratio µ increases with increasing C/O ratio; though it begins to decrease again for very high C/O ratios. Carbon becomes the most abundant element for large C/O and the most abundant chemical species for C/O ∼ 6 is C 2 H followed by CO. For larger C/O ratios still, atomic carbon (C) becomes the most abundant chemical species, which is why µ decreases for C/O > 0.8.
1D atmospheric simulations: composition and thermal structure
In this section we investigate the effect of assuming different sets of element abundances that have the same C/O ratio with 1D atmospheric simulations. We consider two cases: a "hot" atmosphere, where CO is the most stable carbon species in chemical equilibrium, and a "warm" atmosphere, where CH 4 is the most stable carbon species in chemical equilibrium. Throughout this section we will refer to the calculations that assume the solar element abundances as the "solar case". We also investigate cases of C/O = 0.1 and C/O = 2 by adjusting the set of element abundances assuming either a solar O/H or a solar C/H. Abundance ratios of carbon, oxygen and nitrogen for these different sets of element abundances are shown in Table 2 .
Hot atmosphere
Fig . 3 shows the P-T profiles for the hot atmosphere for different sets of element abundances. For both C/O = 0.1 and C/O = 2, the P-T profile is significantly different between the calculations that assume solar O/H or solar C/H. For C/O = 0.1, the atmosphere is more than 400 K warmer for P > 1 bar when increasing O/H, compared with when decreasing C/H. For lower pressures (P < 0.1 bar), where transmission spectroscopy probes, the temperature difference can be ∼ 100 K. For C/O = 2, there are also temperature differences of more than 100 K over a very large pressure range. Notably, for pressures larger than 1 bar, the temperature is cooler than the solar profile when decreasing O/H while when increasing C/H the temperature is warmer than the solar profile. To understand the changes in the temperature between each of these cases we must first consider the chemical composition. Fig. 4 shows the chemical equilibrium mole fractions of several key species for the hot atmosphere. For C/O = 0.1, compared with the solar case, the abundance of H 2 O increases both when increasing O/H with a fixed C/H and when decreasing C/H with a fixed O/H, though the increase is much larger when increasing O/H than when decreasing C/H. When increasing O/H the H 2 O abundance increases simply because O/H is increased and more oxygen atoms are available to form H 2 O. On the other hand, when decreasing C/H the H 2 O abundance increases because less CO can form, due to there being fewer carbon atoms, meaning more oxygen atoms are available to form H 2 O. The mole fraction of CO is equivalent to the solar case (over most of the modelled pressure range) when increasing O/H because its abundance is limited by the amount of carbon and C/H is unchanged. For the same reason, when decreasing C/H the mole fraction of CO is significantly lower than for the solar case. The CH 4 mole fraction is reduced compared with the solar case for both cases of increasing O/H and decreasing C/H, though with a larger reduction when increasing O/H. We have already shown in Fig. 1 (top panel) that for C/O < 1 and for high temperatures (where CO is favoured over CH 4 ) that the CH 4 mole fraction is not sensitive to the C/O ratio. The difference in the CH 4 abundance shown in Fig. 4 is a temperature effect, with a warmer temperature resulting in a smaller equilibrium CH 4 mole fraction. The CO 2 mole fraction is greater than for the solar case when increasing O/H, due to a greater availability of oxygen atoms, but is smaller than for the solar case when decreasing C/H, due to there being fewer carbon atoms.
The change in temperature already shown in Fig. 3 is largely explained by the change in the abundance of H 2 O, which has strong absorption bands across a broad spectral range. When decreasing the C/O ratio to 0.1, either by in-creasing O/H or decreasing C/H, a larger H 2 O mole fraction increases the opacity. However, the calculation that increases O/H results in a greater increase in the H 2 O abundance, explaining the larger temperature increase. Fig. 4 also shows the mole fractions of the most abundant chemical species for the hot atmosphere with C/O = 2. The CH 4 abundance increases significantly compared with the solar case, for both calculations that decrease O/H and increase C/H, while the H 2 O abundance shows a similarly significant decrease. CO is the favoured form of carbon, over CH 4 , for all but the highest pressures in this model. For C/O < 1, the abundance of CO is limited by the carbon abundance, while for C/O > 1 it is limited by the oxygen abundance. Decreasing O/H therefore leads to a smaller CO mole fraction, compared with the solar case, while increasing C/H leads to a larger CO mole fraction, as previously shown in Fig. 1 (top panel) . Compared with the solar case the abundances of acetylene and hydrogen cyanide are also larger for C/O = 2. However, the mole fractions of each of these species are ∼ 1 order of magnitude larger for the calculation where C/H is increased compared with the calculation where O/H is decreased, due to a larger availability of carbon atoms.
The difference in the temperature profiles between the models that vary O/H or vary C/H are explained by the difference in the CH 4 abundance. Compared with the solar case CH 4 has replaced H 2 O as the dominant absorber in the atmosphere. The CH 4 mole fraction is larger for the calculation that increases C/H, compared with the calculation that decreases O/H, leading to a larger atmospheric opacity and higher temperatures in the former.
We note that the abundances presented Fig. 4 are calculated consistently with the P-T profiles shown in Fig. 3 . Therefore changes to the chemical equilibrium mole fractions compared with the solar case may be due to a combination of the altered element abundances as well as changes in the P-T profile.
Warm atmosphere
Fig . 5 shows the P-T profiles for the warm atmosphere. Differences between the calculations that vary O/H and that vary C/H are significant, with temperature differences of up to 100 K for both C/O = 0.1 and C/O = 2. Notably for C/O = 0.1 the temperature profile is hotter than for the solar case when increasing O/H but is cooler than the solar case when decreasing C/H. Fig. 6 shows the equilibrium chemical composition for each of the P-T profiles shown in Fig. 5 . As with the hot atmosphere, there are significant differences in the mole fractions between the calculations that vary O/H and that vary C/H. An important difference with the hot atmosphere presented in the previous section is that CH 4 is now the most favourable form of carbon, instead of CO (Lewis 1969) .
For the C/O = 0.1 case, the H 2 O abundance increases significantly when increasing O/H, due to a larger abundance of oxygen, while the CH 4 abundance is almost unchanged, since the amount of carbon has not changed. This increase in the H 2 O mole fraction increases the atmospheric opacity, leading to the hotter temperature profile shown in the solar case while the CH 4 mole fraction has reduced, due to fewer carbon atoms being available. This reduction in the CH 4 abundance decreases the atmospheric opacity and leads to the cooler temperature profile, compared with the solar case, as shown in Fig. 5 . The abundances of CO and CO 2 increase for the calculation that increases O/H but decrease for the calculation that decreases C/H and may also contribute to the differences in the temperature structure between the two cases. There are similar trends apparent for the C/O = 2 case, though in the opposite sense. For the calculation that decreases O/H the H 2 O abundance is less than for the solar case, due to there being less availability of oxygen atoms, while it is approximately unchanged for the calculation that increases C/H with a fixed O/H. Likewise, the abundance of CH 4 is largely unaffected while C/H is held fixed but increases significantly when C/H is increased. The abundances of CO and CO 2 decrease when O/H is decreased with a fixed C/H, due to there being less oxygen available, but increase when C/H is increased with a fixed O/H, due to there being more carbon atoms available. 3.4 1D atmospheric simulations: emission and transmission spectra
In this section we present emission and transmission spectra calculated using the 1D atmospheric profiles shown in the previous section. We include simulated Hubble Space Telescope (HST) and James Webb Space Telescope (JWST) observations, calculated using the PandExo tool (Batalha et al. 2017) . The PandExo simulations were performed for the JWST NIRSpec G395H and MIRI LRS modes for emission spectra and for the JWST NIRSpec G140H, G235H and G395H and MIRI LRS modes, as well as the HST Wide Field Camera 3 (WFC3) G102 and G141 modes, for transmission spectra. With the exception of the warm atmosphere emission spectra, a single eclipse with equal in to out of transit observation time was used, with a noise floor of 50 ppm and a detector saturation set to 80% full well. For the warm atmosphere emission spectra two transits were used. For the PandExo simulations of the HST WFC3 instrument, all necessary orbital and exposure parameters for GJ 436b were taken from Knutson et al. (2014) and for HD 209458b from Deming et al. (2013) . Stellar and planetary parameters for HD 209458b and GJ 436b were taken from the TEPCAT database 2 for the hot and warm atmosphere cases, respectively. All instrument-related parameters were kept at the PandExo defaults.
We reiterate that the calculations presented in this paper are only loosely based on HD 209458b and GJ 436b, for the hot and warm cases, respectively. Therefore, these spectra are not intended as our best attempt at predictions of the spectra for these two specific planets. Our intention is to study the theoretical impact of varying the C/O ratio on the spectra for HD 209458b-like and GJ 436b-like planets. Fig. 7 shows the emission spectra for the hot atmosphere. For C/O = 0.1, there is generally little difference in the spectra between the models that vary O/H or C/H, except for the region around ∼ 4.3 µm. Here there is a significant qualitative and quantitative difference, as the calculation that increases O/H gives a larger flux ratio compared with the solar case while the calculation that decreases C/H gives a smaller flux ratio compared with the solar case. The relative difference (defined as δ = (A varyO/H − A varyC/H )/A varyO/H , where A is the flux ratio in this case) in the flux ratio between the two cases is more than 30%. The PandExo simulated observations show that this difference is easily differentiated with the NIRSpec G395H mode of JWST We find that CO 2 is the cause of the difference at ∼ 4.3 µm. We performed an identical calculation (not shown) except that the opacity contribution of CO 2 was excluded, which results in a much smaller difference between the two spectra. For the model that increases O/H, the mole fraction of CO 2 is increased above that of the solar case (see Fig. 4 ). This increases the opacity in the spectral regions that CO 2 absorbs and shifts the photosphere at these wavelengths to lower pressures. Since the temperature decreases with decreasing pressure this results in a cooler photospheric temperature and hence smaller atmospheric emission flux. On the other hand, for the calculation that decreases C/H the mole fraction of CO 2 is less than for the solar case, decreasing the opacity in the region that CO 2 absorbs and shifting the photosphere to higher pressures and temperatures.
Hot atmosphere
For the rest of the spectral range, which is largely dominated by H 2 O absorption, there is little difference with the solar case despite the large changes in the H 2 O abundance shown in Fig. 4 . This is due to changes in the P-T profile mostly compensating for the changes in the H 2 O abundance. To demonstrate this in Fig. 8 we show the emission spectra of the hot atmosphere, as in Fig. 7 , except that we use the P-T profile calculated using solar element abundances to calculate the chemical equilibrium abundances and emission spectrum. In other words, the temperature structure of the atmosphere is not consistent with the chemical composition. This is a common approach in the literature (e.g. Madhusudhan et al. 2011b; Kopparapu et al. 2012; Moses et al. 2013a; Venot et al. 2015; Tsai et al. 2017) derived from solar element abundances. We refer to this as the "non-consistent" approach.
Comparing Fig. 8 with Fig. 7 it is clear that there are much larger differences between the spectra for the calculations that vary O/H or vary C/H when the chemical composition and P-T profile are calculated non-consistently. There are also larger differences between the C/O = 0.1 spectrum and the spectrum obtained assuming solar element abundances. Changes in the chemical composition, as the C/O ratio is varied, leads to a change in the atmospheric opacity. This in turn changes the pressure level and, potentially, the temperature of the photosphere. If the composition is solved consistently with the temperature profile, the P-T profile can adjust to maintain radiative-convective equilibrium in response to these changes. However, if the P-T profile is treated as a fixed model input then this is not possible and the resulting model atmosphere may no longer satisfy radiative-convective equilibrium. We will return to discuss this further in Section 4.1.3.
For C/O = 0.1, H 2 O is the prominent absorber across much of the spectral range. For both calculations that increase O/H and that decrease C/H, the H 2 O abundance increases, shifting the photosphere to lower pressures and, therefore, lower temperatures. For the inconsistent calculation this leads to a reduction of the flux ratio across almost all of the spectral range. The increase in the H 2 O abundance is larger when O/H is increased with a fixed C/H compared with when C/H is decreased with a fixed O/H resulting in a more significant decrease in the flux ratio for the former case.
The emission spectra for the hot atmosphere with C/O = 2 shown in Fig. 7 , calculated consistently with the P-T profile, shows a significant difference with the solar case since CH 4 and H 2 O effectively swap roles as the dominant absorber (Fig. 4) . Though the simulated spectra for the models that decrease O/H and that increase C/H look very similar by eye, a simple χ 2 -test reveals that there is a significant statistical difference between the two cases, when considered over such a broad wavelength scale. When the emission spectrum is calculated inconsistently with the P-T profile (Fig. 8) larger differences are apparent, since the P-T profile can no longer adjust to maintain radiative-convective equilibrium. Compared with the solar case, CH 4 replaces H 2 O as the most important absorber across much of the spectral range. The CH 4 abundance is lower for the model that decreases O/H, compared with the model that increases C/H, meaning that the photosphere generally lies at higher pressures and temperatures for the former, resulting in a larger flux ratio. Fig. 9 shows the transmission spectra for the hot atmosphere. We note that in order to compare the spectra we have performed a vertical shift to approximately align each spectrum along the optical scattering slope. For C/O = 0.1 there is an overall shift in the transmission spectrum to larger transit depths for both calculations that increase O/H and that decrease C/H, compared to the solar case, though the shift is significantly larger for the former. Since the spectrum is dominated by H 2 O absorption features, this is clearly mostly due to the larger mole fraction of H 2 O that is obtained in the model that increases O/H, compared with the model that decreases C/H (Fig. 6 ). The relative difference between the models that increase O/H and that decrease C/H is ∼ 2% across a very large spectral range and the PandExo simulated observations, also shown in Fig. 9 , clearly show that these differences are observationally significant with both current (i.e. HST) and future (i.e. JWST) instruments. The most notable difference in the spectra occurs at ∼ 4.3 µm. As previously identified in the emission spectrum (Fig. 7) this is due to CO 2 . The spectrum for the model that increases O/H shows a larger transit depth than the solar case, due to a larger CO 2 mole fraction, while the spectrum for the model that decreases C/H shows a smaller transit depth than the solar case, due to a smaller CO 2 mole fraction. The relative difference in the transit depth between the model approaches is ∼ 4% in this spectral region.
For C/O = 2 the spectra for both models that decrease O/H and that increase C/H are drastically different to the solar case, since CH 4 absorption features replace H 2 O absorption features. Similar to the case at C/O = 0.1, there is a general shift in the transit depth, driven by the different abundances of CH 4 between the models that decrease O/H and that increase C/H (Fig. 4) , though the shapes of the spectra are very similar.
Warm atmosphere
The emission spectra for the warm atmosphere, calculated using the consistent P-T profile, are shown in Fig. 10 . For both C/O = 0.1 and C/O = 2 there is generally only a small difference between the models that vary O/H and that vary C/H. Additionally, the spectra for the C/O = 0.1 and C/O = 2 cases show very little difference with the solar case. Though by eye the simulated observed spectra appear to show relatively insignificant differences, a χ 2 -test reveals that there is a significant statistical difference between the spectra from the calculations that vary O/H and the calculations that vary C/H. As for the hot atmosphere case this small difference in the spectra is largely due to changes in the P-T profile partly compensating for changes in the chemical composition to maintain radiative-convective equilibrium. Fig. 11 shows the emission spectra for the warm atmosphere using the non-consistent approach; the P-T profile is the same (the solar case) for all calculations. As previously found for the hot atmosphere, differences in the spectra between the solar and non-solar C/O ratio models, as well as between the models that vary O/H or C/H, are larger than for the consistent calculations (Fig. 10) . The relative difference between the spectra for the models that vary O/H or C/H are as large as ∼ 50% for some wavelengths. the chemical composition are increases in the mole fractions of H 2 O, CO and CO 2 . These changes increase the opacity in the spectral regions where these molecules absorb and push the photosphere to a lower pressure and lower temperature, reducing the emitted flux. On the other hand, for the model that decreases C/H the main difference in the chemical composition is a decrease in the abundances of CH 4 CO and H 2 O. This reduces the opacity in the spectral regions that these molecules absorb, shifting the photosphere to higher pressures and higher temperatures, increasing the emitted flux. A similar situation is found for C/O = 2, though in the opposite sense. For the model that decreases O/H the abundances of H 2 O, CO and CO 2 are decreased compared with the model assuming solar element abundances, leading to a larger emission flux for the wavelengths where these species absorb. On the other hand, for the model that increases C/H the abundances of CH 4 , CO and CO 2 increase, decreasing the emission flux for the wavelengths where these species absorb.
In Fig. 12 we show the transmission spectra for the warm atmosphere. There are significant quantitative and qualitative differences between the spectra for the models that vary O/H or C/H, for both C/O = 0.1 and C/O = 2. Relative differences in the transit depths between the models that vary O/H or C/H are as large as ∼ 4%. The PandExo simulated observations demonstrate that differences in the spectra are clearly significant.
For C/O = 0.1, the transit depth around 1.4 µm is increased for the model that increases O/H, compared with the model assuming solar element abundances, while for the model that decreases C/H the transit depth decreases. H 2 O and CH 4 are both important absorbers in this spectral region, which is accessible by both the WFC3 G141 (HST) and NIRSpec G140H (JWST) instruments. For the model that increases O/H the increased transit depth is due to the significant increase in the H 2 O mole fraction (Fig. 6 ) compared with the solar case. On the other hand, the decrease in the transit depth for the model that decreases C/H is due to the significant decrease in the CH 4 mole fraction. The reduced CH 4 abundance in the spectrum for the model that reduces C/H is also notable in the smaller transit depths between 2-2.5 µm and 3-4 µm. Another notable feature lies at ∼ 4.3 µm where the spectrum for the model that increases O/H shows a significantly larger transit depth, compared to the spectra for the model that decreases C/H as well as the model that assumes solar element abundances, due to enhanced absorption of CO 2 . For C/O = 2, there is negligible difference between the spectra for the models that decrease O/H and that which assumes solar element abundances. Since the shape of the spectrum is largely dominated by CH 4 absorption features, this is because the abundance of CH 4 is virtually unchanged compared with the solar case (Fig. 6) . However, for the model that increases C/H the spectrum is generally shifted to larger transit depths caused by the factor ∼ 3 increase in the mole fraction of CH 4 , compared with the model that assumes solar element abundances.
DISCUSSION
Our results have shown that the chemical composition, thermal structure and spectra predicted by models of hydrogendominated atmospheres for a given C/O ratio are dependent on the exact set of element abundances that are assumed. In this section we discuss some important implications of these results for previous and future studies. We then briefly discuss some works that investigate the processes and mechanisms that determine the element composition of exoplanet atmospheres.
Implications for atmospheric forward modelling
Chemical kinetics with 1D models
The calculations performed in this paper assume local chemical equilibrium. However, it has been shown, using 1D chemical kinetics models, that vertical transport can be important in determining the abundances of radiativelyactive (i.e. absorbing/scattering) chemical species, leading to changes in the simulated spectra (e.g. Moses et al. 2011; Miller-Ricci Kempton et al. 2012; Agúndez et al. 2014; Venot et al. 2015) and the temperature profile . Photochemistry has so far been shown to play a minor role in effecting the spectra. al. 2013a,b; Venot et al. 2015; Tsai et al. 2017) . We have shown that the chemical equilibrium composition depends on the method used to vary the C/O ratio, for a given P, T and C/O ratio (Section 3.1). Therefore, for a given model P-T profile, if vertical transport is included a different equilibrium composition at the pressure level of the quench point will likely exist which will lead to different quenched abundances at lower pressures. Additionally, we have shown that the P-T profile for a given C/O ratio can be significantly different depending on whether the values of O/H and C/H that are assumed. Due to the temperature dependence of the chemical reactions, the pressure level of the quench point itself can be shifted, also leading to different quenched abundances at lower pressures.
Three-dimensional (3D) modelling
3D models of exoplanet atmospheres have been widely used to study the large-scale fluid flow of tidally-locked highlyirradiated planets (e.g. Menou & Rauscher 2009; Showman et al. 2009; Dobbs-Dixon & Agol 2013; Mayne et al. 2014; Amundsen et al. 2016; Mendonça et al. 2016 ). The vast majority of studies that include non-gray radiative transfer schemes assume local chemical equilibrium.
A number of studies have investigated the effect of nonsolar element abundances on the circulation and thermal structure of irradiated exoplanet atmospheres, though these have focused on the metallicity (Menou 2012; Kataria et al. 2014; Charnay et al. 2015a,b; Drummond et al. 2018a) , as opposed to the C/O ratio. As far as we are aware, there has been no study to investigate the effect of different C/O ratios on the thermal structure and circulation using a 3D model. However, our results, using a 1D model, suggest different results may be obtained depending on exactly how the C/O ratio is varied.
Recently, Mendonça et al. (2018) investigated the effect of 3D advection on the chemical composition using a chemical relaxation scheme ) for different C/O ratios, however they do not explicitly state how they vary the C/O ratio in their model. As in the case of 1D chemical models, a different chemical equilibrium composition for the same C/O ratio, due to variations in the assumed O/H and C/H, may lead to a different 3D chemical composition. If the chemistry is treated consistently with the radiative transfer, as in Drummond et al. (2018b,c) , this may also lead to differences in the circulation and thermal structure.
Consistency between chemical composition and thermal structure
In Section 3.4 we presented emission spectra calculated using two different approaches. Firstly, we presented spectra where the radiative-convective equilibrium P-T profile is solved for consistently with the chemical equilibrium composition for each C/O ratio case. Changing the C/O ratio leads to alterations in the P-T profile due to changes in the atmospheric opacity. In our second approach, we calculated both the chemical composition and the emission spectrum using the P-T profile obtained when assuming solar element abundances. If the abundances of absorbing species change significantly as the C/O ratio is varied, this can mean that the P-T profile no longer satisfies radiative-convective equilibrium. This "non-consistent" approach is the typical approach in the literature (e.g. Madhusudhan et al. 2011b; Kopparapu et al. 2012; Moses et al. 2013a; Venot et al. 2015; Tsai et al. 2017) .
In general, we found much larger differences in the emission spectra between the solar and non-solar C/O cases, as well as between the models that vary O/H or C/H, for the non-consistent calculation compared with the calculation where the P-T profile is consistent with the chemical composition (compare Fig. 7 with Fig. 8 and Fig. 10 with Fig. 11 ). The reason behind this difference is analogous to the mechanism identified by Drummond et al. (2016) , except that in this case changes to the chemical composition are due to changes in the element abundances, rather than due to non-equilibrium (vertical transport) effects.
Changing the element abundances (via the C/O ratio, for example) leads to a change in the equilibrium chemical composition and hence also the opacity of the atmosphere, if radiatively-active species are affected. If the P-T profile is treated as a fixed model parameter, the atmosphere may no longer be in a state of radiative-convective equilibrium as the composition is varied. However, in the consistent models we solve for chemical and radiative-convective equilibrium consistently and the converged solution does, naturally, satisfy radiative-convective equilibrium. The larger difference between the spectra in the non-consistent calculations, compared with the consistent calculations, is therefore due to a violation of energy balance in the model. These results suggest that previous studies, using both chemical equilibrium and chemical kinetics, may have overpredicted the effect of changing the C/O ratio on the emission spectrum if the chemical composition and thermal structure were not solved for consistently.
Implications for retrieval calculations and
comparison of model spectra with observed spectra
Our results have clearly shown that differences in the predicted emission and transmission spectra can result from different approaches to varying the C/O ratio. This has obvious consequences for comparison of model spectra with observations and our results suggest care should be taken when the C/O ratio is considered as a variable model parameter.
Retrieval calculations combine simplified atmospheric models with statistical algorithms to derive the properties of an atmosphere from an observed spectrum (e.g. Irwin et al. 2008; Madhusudhan & Seager 2009; Line et al. 2013; Waldmann et al. 2015; Evans et al. 2017; Oreshenko et al. 2017; Márquez-Neila et al. 2018; Gandhi & Madhusudhan 2018 ). There is a significant variation in the literature in both the statistical methods and the setup of the atmosphere model component.
In terms of the approach to the chemical composition, retrieval methods can be split into two main categories: "free chemistry" and chemical equilibrium. In the former, the mole fractions of the chemical species are included as independent free parameters, with quantities such as the C/O ratio and metallicity being derived from those retrieved abundances (e.g. Line et al. 2013; Waldmann et al. 2015; Gandhi & Madhusudhan 2018 ). On the other hand, for the chemical equilibrium method, the C/O ratio and metallicity are typically directly included as retrieved parameters (e.g. Kreidberg et al. 2015; Lavie et al. 2017; Wakeford et al. 2018) . Oreshenko et al. (2017) include C/H and O/H as independent parameters, rather than the more typical combination of metallicity and C/O ratio.
Retrieval calculations that assume the "free chemistry" approach are not affected by our findings since there is no need to make a decision on how to vary the C/O ratio in the model. The C/O ratio is simply determined from the best-fit mole fractions of the included chemical species (e.g. Line et al. 2013 ). On the other hand, retrieval calculations that assume local chemical equilibrium can be dependent on whether O/H or C/H is varied. Wakeford et al. (2018) , who use the same forward model (ATMO) in their retrieval calculations as used in this work, clearly state that for their calculations assuming local chemical equilibrium C/O is varied by adjusting the value of O/H.
We have shown that the predicted spectrum can be dependent on exactly how the C/O ratio is varied in the forward model. Therefore, it is reasonable to assume that these differences could effect retrieved parameters, for retrieval calculations that assume local chemical equilibrium. The method of Oreshenko et al. (2017) , who include individual parameters for O/H and C/H in their retrieval calculation, may be a better approach as it would avoid the need to make a choice on how to vary the C/O ratio in the model.
C/O of planetary atmospheres
The main finding of this paper is that different atmospheric compositions, thermal structures and spectra are obtained for the same C/O ratios and metallicities depending on whether we vary C/H for a given O/H or vary O/H for a given C/H. Here, we briefly discuss some previous results that may be relevant to answering the question of which, if either, of these approaches is more appropriate.
The measured C/O ratio of stars, including planethosting stars, is known to vary and the C/O ratio is generally observed to increase with increasing stellar metallicity (e.g. Delgado Mena et al. 2010; Petigura & Marcy 2011; Nissen 2013; Teske et al. 2014; Brewer & Fischer 2016; Brewer et al. 2017; Nissen & Gustafsson 2018; Jofré et al. 2018 ); see Nissen & Gustafsson (2018) for a recent review of stellar element abundances. Specifically, the C/O ratio is shown to increase with increasing O/H for [O/H] > −0.4 (e.g. Akerman et al. 2004; Nissen et al. 2014) , as carbon becomes proportionately more abundant than oxygen. Assuming that planets form from the same material as the star, the varied chemical composition observed in the stellar population is likely to be reflected in the composition of the planetary population.
Processes in the protoplanetary disk and the mechanism of planet formation can also lead to different element compositions of the planet. Öberg et al. (2011) used a static disk model to demonstrate that gas in regions of the protoplanetary disk should be enhanced in carbon, due to condensation of H 2 O, CO and CO 2 ; i.e. the gas is predominantly carbonrich, with respect to the stellar composition, with oxygenrich solids. The planetary C/O ratio would then depend on the composition of the disk in the region of planet formation, as well as subsequent accretion of either (oxygen-rich) icy solids or carbon-rich material. Piso et al. (2015) expanded on this work by included radial drift and viscous gas accretion and came to similar conclusions. Mordasini et al. (2016) and Espinoza et al. (2017) found that accretion of solid material is the dominant factor determining the planetary C/O ratio and predicted that almost all planets should have substellar C/O ratios, assuming that accreted solids are oxygen-rich. Madhusudhan et al. (2017) combined a planet growth and chemistry model and found that planets with superstellar C/O ratios (with stellar C/H and slightly substellar O/H) are possible for hot Jupiters that migrate through the disk and do not undergo core erosion. If core erosion occurs, subsequent mixing into the planetary envelope can result in superstellar O/H and C/H and a substellar C/O ratio. Helling et al. (2014) , using a time-dependent disk and chemistry evolution code, suggested that cosmic ray ionisation can increase the gas phase C/O ratio of the disk over time, within the CO ice-line, as species such as O 2 and CO are converted into H 2 O which can then condense, reducing the O/H of the gas. Recently, Eistrup et al. (2018) also used a disk and chemical evolution model to show that the element abundances in both gas and ice are strongly time-dependent, largely driven by ionisation. They find that the gas-phase C/O ratio decreases significantly over time, largely due to significant production of gas-phase O 2 via grain surface reactions (Walsh et al. 2015) .
Aside from the bulk element chemical composition of the planet, a result of the complex formation and evolution processes discussed above, chemistry within the planetary atmosphere itself can alter the gas-phase C/O. Namely, condensation of silicon and magnesium condensates, that contain many oxygen atoms, can remove significant amounts of oxygen from the gas-phase (e.g. Burrows & Sharp 1999; Lodders 2004; Woitke et al. 2018) , reducing O/H in the upper atmosphere.
From the above discussion, it is clear that understanding the element composition of the gaseous and solid material that eventually form a planet is a very active field, with many open questions. The relative importance of the accretion of gas or solids in determining the chemical composition is also currently unclear. We conclude that, at present, the bulk element composition of exoplanets (O/H, C/H, N/H etc.) is highly unconstrained.
CONCLUSIONS
We have demonstrated that different approaches to varying the C/O ratio can lead to significant differences in the calculated atmospheric properties, including the chemical equilibrium composition, the thermal profile and the emission and transmission spectra. The typical approach in the literature has so far been to either vary the carbon abundance while keeping the oxygen abundance fixed or to vary the oxygen abundance while keeping the carbon abundance fixed. Importantly, the processes and mechanisms that determine the element composition of exoplanets and their atmospheres are highly uncertain and are a very active area of research, as discussed in Section 4.3.
To summarise our results, we have shown that:
(i) the chemical equilibrium composition for the same C/O ratio can be significantly different depending on the assumed values of C/H and O/H, as previously shown by Moses et al. (2013b) , Heng & Lyons (2016) and Heng & Tsai (2016) (ii) differences in chemical composition for the same C/O ratio but different C/H and O/H can result in significantly different mean molecular masses for the gas mixture (iii) using a 1D atmosphere model, differences in the equilibrium composition can lead to significant differences in the radiative-convective equilibrium P-T profile (iv) differences in both the chemical composition and P-T profile can lead to significant differences in the transmission and emission spectrum, which are detectable with current and future instruments (v) keeping the P-T profile fixed (i.e. not consistent with the chemistry) while investigating different C/O ratios can significantly overestimate the importance of the C/O ratio on the emission spectrum compared with a model where the chemistry and the temperature are solved consistently In this work we have focussed on the C/O ratio, but our conclusions are also likely to be applicable to other element ratios (e.g. C/N, O/N). However, the C/O ratio appears to be particularly important since carbon and oxygen are among the most abundant elements in the universe and form relatively abundant, highly absorbing gas-phase species (e.g. H 2 O, CH 4 , CO, CO 2 ) in planetary atmospheres.
We have discussed potential implications of our results, including: the quenching point of chemical species in 1D chemical kinetics models, the thermal structure and circulation predicted by 3D atmospheric models and retrieved parameters from retrieval codes that assume local chemical equilibrium. Our results show that it is important to consider the full set of element abundances (e.g. C/H, O/H, N/H) rather than individual ratios of element abundances (e.g. C/O) in isolation when modelling or interpreting the observations of irradiated, hydrogen-dominated atmospheres. 
